Featured Application: Photothermal therapy is a highly promising strategy for killing cancer cells and tissues that can be applied in vivo.
Introduction
Inorganic nanoparticles have opened new avenues of research in biomedicine, where a novel paradigm in therapy and diagnostics in the clinical practice is arising [1] . Plasmonic nanoparticles typically composed of gold or silver appear as a highly promising building blocks due to their photothermal features, among other functionalities. Despite the fact that gold and silver are the most popular metals for fabricating the core of the plasmonic nanoparticles, efficient alternatives can be found using other metals [2] . Photothermal therapy consists of the remote activation of the plasmon field of nanoparticles by irradiation with a resonant light wavelength, leading to a local increase in temperature [3] . This localized heating can kill cancer cells and tissue in an effective manner, with no drugs or biochemical treatment required [4] [5] [6] [7] [8] [9] .
However, one of the most relevant barriers to be overcome by plasmonic nanoparticles that are to be used in actual clinical treatments is the complex biological media in which the nanoparticles must be dispersed [10] . The ions and biological molecules present in biological media influence the aggregation state of the nanoparticles in most cases, leading to a significant modification of the plasmonic properties of the nanoparticles, which is highly sensitive to interparticle distance [11] .
Herein, we aim to determine a fundamental description of the effect of aggregation of gold nanoparticles induced by inorganic ions on the photothermal performance of such nanoparticles. A simplified scenario has been used: small spherical gold nanoparticles coated by citrate ions and sodium chloride as the aggregating-ion. Despite the simplicity of the model, we expect to obtain significant insights that might be used as the first step towards more sophisticated models of nanoparticles and biological media, possibly comprising anisotropic gold nanoparticles capped with different ligands and both inorganic ions and biological macromolecules in the media.
Materials and Methods
Materials. Milli-Q water (resistivity 18.2 MΩ·cm) produced by a Millipore Milli-Q unit, pretreated by a Millipore reverse osmosis system, was used in all experiments. Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H 2 O, ≥99.9%), sodium citrate tribasic dihydrate (≥98%), sodium chloride (≥99.5%), and nitric acid (70%) were purchased from Sigma-Aldrich and used as received. Hydrochloric acid solution (37%) was purchased from Panreac and used as received. All glassware was washed with aqua regia, rinsed three times with Milli-Q water, and dried under a gentle stream of N 2 before use.
Synthesis of Nanoparticles. Gold nanoparticle solution comprised an aqueous colloid (average diameter 9 ± 2 nm) that was prepared by adding 5 mL of 1 wt % sodium citrate solution to 95 mL of boiling 0.5 mM HAuCl 4 under vigorous stirring. After 15 min of boiling, the solution was cooled down to room temperature and then stored at 4 • C for long-term storage.
Characterization. TEM images were collected with a JEOL JEM-1400PLUS transmission electron microscope operating at 120 kV, using carbon-coated 400 square mesh copper grids. UV-visible spectra of the gold nanoparticles as-synthesized and under different values of ionic strength were recorded in a 1 cm path length disposable cuvette using a Cary 100 Bio UV-visible spectrophotometer.
Photothermal heating experiments. The samples were irradiated using a Xe900 Xenon Arc Lamp (450 W ozone-free xenon arc lamp) from Edinburgh Photonics. The spot of the incoming beam was 1.1 cm, with a circular shape. The irradiation was performed using a constant power density of 1.64 mW/cm 2 . The temperature of the bulk solution were monitored along the heating process using an electronic thermometer. The probe of the thermometer was immersed in the bulk dispersion of the nanoparticles. The increase of temperature was found to be very reproducible. The standard deviation between measurements was in all cases equal to or lower than 5%.
Results and Discussion

Gold Nanoparticles Capped with Citrate Ions
Gold nanoparticles were synthesized by a modified protocol based on the Turkevich method [12] . A dispersion of citrate-capped spherical gold nanoparticles with a distibution of values of a diameter of 9 ± 2 nm and a polydispersity index (PDI) of 1.51 was obtained, see Figure 1 . The polydispersity of the obtained gold nanoparticles was slightly higher than expected from a typical synthesis based on the Turkevich method. We ascribe the higher polydispersity to the presence of impurities in the reaction mixture during the synthesis of the gold nanoparticles. Compared to physical deposition methods, this value of polydispersity is still good. On the other hand, physical deposition methods usually do not suffer from such sensitivity to impurities [13, 14] . Note that our study focuses on the plasmonic features of the gold nanoparticle and its activation through incoming resonant light. According to the UV-vis spectra, the plasmon band of the gold nanoparticles is well defined, see Figure 2 . Therefore, we assume that the polydispersity of the gold nanoparticle does not play a role in the obtained results of photothermal heating.
During the synthesis of the nanoparticles, the citrate ions act both as reducing and capping agents. Therefore, the surface of the Au nanoparticles is coated by citrate ions attached by electrostatic and non-specific interactions. The gold nanoparticles display a net negative surface charge at the value of pH of the solution used herein. The gold nanoparticles are thus stabilized by charge repulsion [15] . The UV-vis spectrum shows the characteristic peak of small spherical gold nanoparticles at 524 nm, see Figure 2 . However, this wavelength value for the plasmon peak is obtained when the gold nanoparticles are dispersed in ultrapure water, a situation significantly different from biological media, which is typically enriched in ions and biological molecules [10] . Therefore, we herein study the plasmonic photothermal features of the gold nanoparticles under different values of ionic strength by adding sodium chloride to the dispersion of gold nanoparticles. We note that the effect of the so-called "protein corona" formation on the gold nanoparticles will not be taken into account [16] . Rather, we seek a fundamental observation on the effect of aggregation on the photothermal capability of the gold nanoparticles against ionic strength. During the synthesis of the nanoparticles, the citrate ions act both as reducing and capping agents. Therefore, the surface of the Au nanoparticles is coated by citrate ions attached by electrostatic and non-specific interactions. The gold nanoparticles display a net negative surface charge at the value of pH of the solution used herein. The gold nanoparticles are thus stabilized by charge repulsion [15] . The UV-vis spectrum shows the characteristic peak of small spherical gold nanoparticles at 524 nm, see Figure 2 . However, this wavelength value for the plasmon peak is obtained when the gold nanoparticles are dispersed in ultrapure water, a situation significantly different from biological media, which is typically enriched in ions and biological molecules [10] . Therefore, we herein study the plasmonic photothermal features of the gold nanoparticles under different values of ionic strength by adding sodium chloride to the dispersion of gold nanoparticles. We note that the effect of the so-called "protein corona" formation on the gold nanoparticles will not be taken into account [16] . Rather, we seek a fundamental observation on the effect of aggregation on the photothermal capability of the gold nanoparticles against ionic strength. During the synthesis of the nanoparticles, the citrate ions act both as reducing and capping agents. Therefore, the surface of the Au nanoparticles is coated by citrate ions attached by electrostatic and non-specific interactions. The gold nanoparticles display a net negative surface charge at the value of pH of the solution used herein. The gold nanoparticles are thus stabilized by charge repulsion [15] . The UV-vis spectrum shows the characteristic peak of small spherical gold nanoparticles at 524 nm, see Figure 2 . However, this wavelength value for the plasmon peak is obtained when the gold nanoparticles are dispersed in ultrapure water, a situation significantly different from biological media, which is typically enriched in ions and biological molecules [10] . Therefore, we herein study the plasmonic photothermal features of the gold nanoparticles under different values of ionic strength by adding sodium chloride to the dispersion of gold nanoparticles. We note that the effect of the so-called "protein corona" formation on the gold nanoparticles will not be taken into account [16] . Rather, we seek a fundamental observation on the effect of aggregation on the photothermal capability of the gold nanoparticles against ionic strength. 
Effect of Ionic Strength on the Plasmon Field of the Gold Nanoparticles
With an increase of the ionic strength induced by including sodium chloride and increasing its concentration, the interparticle distance between the gold nanoparticles was effectively reduced [17] . Figure 2 shows the UV-vis spectra for the different values of concentration of sodium chloride up to 100 mM. For higher values of concentration of sodium chloride, irreversible aggregation and loss of gold nanoparticles was obtained. The concentration of gold nanoparticles was estimated using the absorbance at 400 nm [18] . The concentration of gold nanoparticles was ca. 2.7 × 10 18 nanoparticles/L in all cases.
There is almost no modification on the plasmon peak of the gold nanoparticles for a sodium chloride concentration up to 50 mM, with a slight shift to higher values of wavelength at 60 and 70 mM of sodium chloride. The plasmon band at 80 mM of sodium chloride displays a different shape with respect to the others, being the limit value for a a change in the tendency of shift of the plasmon band. This modification of the plasmon band, including a broad shoulder at ca. 640 nm, is ascribed to the appearance of large aggregates of nanoparticles. Such aggregation is mediated by the shielding of the repulsive electrostatic interactions of the citrate ions coating the nanoparticles by the sodium ions in solution. Yet, the more noticeable shift in the plasmon peak occurs at high values of ionic strength, as expected by the enhanced aggregation of the nanoparticles. In this case, a dispersion of gold nanoparticles in 90 and 100 mM of sodium chloride leads to a plasmon peak at ca. 630 nm, see Table 1 . Note that, in addition to the significant shift, the plasmon peaks becomes broader at high values of sodium chloride concentration. Table 1 . Values of maximum wavelength for the plasmon peak of the gold nanoparticles (λ max,plasmon ), wavelength of incoming light during photothermal experiments (λ irradiation ), and final increase of temperature during photothermal experiments (∆T max , standard deviation equal to or lower than 5%) for the different values of ionic strength. 
NaCl
Photothermal Experiments
The dispersion of gold nanoparticles was subjected to photothermal experiments by irradiation with a resonant wavelength of light entering the plasmon field of the nanoparticles. The temperature was monitored along the heating process. We note that the measured value of temperature in the bulk solution includes the systematic error of heat dissipation by the environment, especially by the solvent [19] . Therefore, the increase of temperature is compared within the different values of ionic strength. Additional considerations in further studies comprising plasmonic nanoparticles of different sizes and shapes should be included [20] .
The wavelength of incoming light was adjusted to the maximum wavelength of the plasmon peak of the nanoparticles, see Table 1 . An increase of the temperature of the dispersion of nanoparticles was observed almost immediately after the irradiation begins, see Figure 3 . After an irradiation time of ca. 8 min the temperature was not increased further, instead reaching a constant value. The kinetics of photothermal heating was similar in all cases. In a similar study published by Yslas et al., the kinetics of photothermal heating was similar, showing a plateau at ca. 10 min [21] . In that study, the nanoparticles were coated by polyaniline (PANI) polymer. Therefore, we conclude that the kinetics of heating is not determined by the coating of the nanoparticles, but rather by the The kinetics of photothermal heating was similar in all cases. In a similar study published by Yslas et al., the kinetics of photothermal heating was similar, showing a plateau at ca. 10 min [21] . In that study, the nanoparticles were coated by polyaniline (PANI) polymer. Therefore, we conclude that the kinetics of heating is not determined by the coating of the nanoparticles, but rather by the gold nanoparticles themselves. However, the final value of increase of temperature was slightly but significantly higher for the moderate values of ionic strength, i.e., 40 mM of sodium chloride. This comparatively superior result might be ascribed to a balance between the interplay of two opposite effects. At low values of ionic strength or in the absence of salt, the plasmonic nanoparticles are at a relatively large distance to each other due to the ionic repulsion between the citrate-coated surfaces of the nanoparticles. On the other hand, at high values of ionic strength, the gold nanoparticles are highly aggregated, therefore promoting scattering of the incoming light due to large aggregates, as well as an excessive broadening of the plasmon peak, with both effects contributing to a decrease in the photothermal efficiency.
The intermediate case of ionic strength appears to display a certain aggregation of the plasmonic nanoparticles that promotes the enhancement of the photothermal effect with no excessive aggregation of the nanoparticles. This limited aggregation of the nanoparticles allows for an effective plasmon coupling. Therefore, such an intermediate state of aggregation might be the optimum design when engineering plasmonic nanoparticles for in vivo application of photothermal therapy. The use of highly aggregated nanoparticles with a strongly shifted plasmon field might not yield optimum values in photothermal therapy, despite the interest of higher values of wavelength for biological applications [22] .
Conclusions
In summary, the photothermal performance of citrate-capped gold nanoparticles at different values of ionic strength has been studied. At low values of ionic strength, the effect of the inorganic ions is not noticeable in the position of the plasmon peak and the photothermal effect. High values of ionic strength lead to strong aggregation of the nanoparticles and large shift in the plasmon position with no net enhancement on the photothermal effect. The optimum scenario for photothermal therapy has been found to be an intermediate value of ionic strength, which allows for a certain aggregation of the plasmonic nanoparticles with no enhanced scattering. The state of aggregation of the plasmonic nanoparticles in the biological media when pursuing applications in photothermal therapy is thus a highly relevant factor in the efficiency of the nanoparticle-based therapy.
